[1] An idealized two-dimensional chemistry and transport model is used to investigate the spatial patterns of, and mechanism for, the quasi-biennial oscillation-annual beat (QBO-AB) signal in ozone in the tropics and subtropics. Principal component analysis is applied to the detrended, deseasonalized, and filtered total column ozone anomaly from the standard model. The first two empirical orthogonal functions (EOFs) capture over 98.5% of the total variance. The first EOF, accounting for 70.3% of the variance, displays a structure attributable to the approximately symmetric QBO with a period of 28 months. The second EOF, capturing 28.2% of the variance, is related to the QBO-AB around 20 months. An extended EOF analysis reveals the characteristic pattern of the downward propagation of QBO and upward propagation of QBO-AB. The model results are compared to those from the merged ozone data. Sensitivity experiments indicate that the QBO-AB is produced primarily as a result of the dynamical QBO-AB in the mean meridional circulation and by the interaction between the QBO and the annual cycle in transport, each contributing roughly equally to the forcing of QBO-AB. The interaction between the QBO in the transport fields and the annual cycle in chemistry plays a minor role. 
Introduction
[2] The quasi-biennial oscillation (QBO) (see Table 1 for list of acronyms) is the dominant interannual variability in the tropical stratosphere. It is primarily an oscillation in zonal winds in the stratosphere between downward propagating easterly and westerly phases, with a period of 22-32 months [Reed et al., 1961; Veryard and Ebdon, 1961] (see extensive review by Baldwin et al. [2001] . There have been numerous observational studies of the QBO in the zonal wind, temperature, and ozone [e.g., Angell and Korshover, 1970; Oltmans and London, 1982; Hasebe, 1983; Zawodny and McCormick, 1991; Pawson and Fiorino, 1998; Randel et al., 1999] . The mechanism by which the QBO modulates the ozone abundance in the stratosphere is well known [Plumb and Bell, 1982; Baldwin et al., 2001] . When the QBO is in the westerly (easterly) phase, there is anomalous descending (upwelling) motion in the tropical stratosphere and anomalous upwelling (descending) motion in the subtropical stratosphere. This results in more (less) ozone at the equator in the westerly (easterly) QBO phase [Gray and Dunkerton, 1990; Tung and Yang, 1994a; Hasebe, 1994; Randel and Cobb, 1994] . The QBO also induces large variations in ozone in the extratropical stratosphere through its modulation of the vertical propagation of planetary Rossby waves [Holton and Tan, 1980; Dunkerton and Baldwin, 1991] and through the QBO-induced meridional circulation (QBO-MMC) [Kinnersley and Tung, 1999; Ruzmaikin et al., 2005] .
[3] An outstanding deficiency in our understanding of the QBO in ozone is associated with the mechanism responsible for the QBO-related harmonics that have been detected in stratospheric ozone. Consider a multiplicative model
where w A and w Q are the frequencies of the annual cycle and the QBO. The nonlinear term produces the sum and difference frequencies through the trigonometric identity
As a result, the QBO and annual cycles will produce beat frequencies with periods of approximately 20 and 8.6 months, which was first found in the total column ozone data obtained by TOMS in the tropics and extratropics Yang, 1994a, 1994b] . These frequencies have also been observed in the power spectra of angular momentum and planetary Rossby wave forcing in the stratosphere [Baldwin and Tung, 1994] . Using version 7 merged ozone data (MOD), Camp et al. [2003] carried out a principal component analysis (PCA) of the temporal and spatial patterns of the interannual variability of the total column ozone in the tropics from 1979 to 2002. They found that the first four empirical orthogonal functions (EOFs) captured over 93% of the variance of the detrended and deseasonalized data on interannual timescales. The PC associated with the third EOF (which accounted for 15% of the variance) had a dominant peak around 20 months (referred to as the QBO-annual beat (QBO-AB) hereinafter). The spatial pattern is a zonally symmetric, north-south tilted plane centered at the equator. A weaker signal at about 8 months (QBO-AB 0 hereinafter) was also found in MOD. At present, a mechanistic understanding of the origin of these harmonics is still lacking. Such an understanding is critical to accurately account for the large QBO-induced interannual variability in ozone when trying to quantify the impact of human activity on ozone in the stratosphere.
[4] Using a two-dimensional (2-D) model, Jones et al. [1998] successfully reproduced the QBO beat frequencies in stratospheric ozone. They did not, however, perform a detailed analysis of the mechanism responsible for the beat in the model. More recently, Jiang et al. [2004] were able to simulate the QBO and the QBO-AB signals in column ozone from 1979 to 2002 using a 2-D chemical transport model (CTM) driven by transport fields derived from the National Centers for Environmental Prediction (NCEP) -Department of Energy Reanalysis 2. Here we extend the analysis of Jiang et al. [2004] , using the 2-D model of Jones [1998] and Jones et al. [1998] , to investigate the spatial pattern (latitude-altitude) of, and the mechanism for, the QBO-AB of ozone in the stratosphere. The reason for using the Jones model is as follows. The QBO signal given by Jiang et al. [2004] has a broad power spectrum, making it difficult to isolate the QBO from the QBO-AB. The situation will improve with a longer record. In the model of Jones [1998] and Jones et al. [1998] the parameterized QBO forcing produces an oscillation with a fixed period of $28 months. There are no other sources of interannual variability in this idealized model. It is therefore a better tool to determine the mechanisms for producing the QBO-AB in ozone. The model of Jones [1998] and Jones et al. [1998] , however, does not account for the QBO modulation of planetary wave breaking, which is responsible for the QBO in ozone in the extratropical stratosphere. We therefore focus here on understanding the mechanism responsible for the QBO-AB in ozone in the tropical and subtropical stratosphere.
[5] There are three possible mechanisms for the QBO-AB signal in column ozone. In the chemical tracer continuity equation, the interaction between the QBO and the annual cycle in the Brewer-Dobson circulation (BDC) and in the photochemical sources and sinks will both contribute to the QBO-AB [Gray and Dunkerton, 1990] . In addition, the mean meridional circulation (MMC) will possess a QBO-AB signal as a result of the interaction of the QBO and the annual cycle in the advection terms of the momentum equation in the tropics. This QBO-AB signal in the transport will also produce a QBO-AB signal in column ozone. However, it is unclear which is the predominant mechanism. We propose to test the different mechanisms through a series of sensitivity experiments listed in Table 2 .
Modeling Ozone in the Tropics and Subtropics

Modeling Results
[6] The 2-D model is described in detail by Jones et al. [1998] and Schneider et al. [2000] . It has a horizontal resolution of 5°from pole-to-pole and a vertical resolution of 2 km from the surface to 80 km. It is a fully interactive primitive equation model in which the heating rates are calculated from model-derived ozone in the stratosphere. The model includes a comprehensive treatment of stratospheric chemistry. The effects of planetary wave breaking are specified as annually varying eddy diffusion coefficients K yy based on Newman et al. [1986, 1988] . The QBO in zonal wind is reproduced in the model using mainly the parameterization of Gray and Pyle [1989] for the deposition of Kelvin and Rossby-gravity wave momentum in the tropical zonal wind. The Rossby-gravity wave dissipation is adopted from the formulation of Holton and Lindzen [1972] .
[7] In the analysis presented here, we employ an offline version of the model, driven by the transport fields archived Figure 1 . The annual cycle of the modeled ozone column abundance is consistent with observations. The QBO anomaly in ozone is calculated by removing the monthly mean annual cycle from the original total column ozone abundances. The model provides a good simulation of the QBO signal in the ozone columns. The amplitude of the ozone anomaly is $7 Dobson units (DU). Estimates of the magnitude of the tropical anomaly range from about 6 DU by Hasebe [1983] to about 9 DU by Zawodny and McCormick [1991] . Using a least squares fit to the anomalies in column ozone, Tung and Yang [1994a] suggested that the amplitude of the QBO anomaly in middle and high latitudes is about 6 DU, about a quarter of the amplitude of the unfiltered anomaly.
[8] To investigate the magnitude of the QBO-AB and QBO-AB 0 , we apply band pass filters A and B to the column ozone from the 2-D CTM and MOD. The details of the band pass filters A and B, and other similarly constructed filters used in this study are presented in Table 3 . Band pass filters A and B are desired to retain the signals of QBO-AB and QBO-AB 0 . Because the QBO-AB is not a strict oscillation around 20 months in the MOD and model, signal will be compensated through averaging over pure 20 months cycle. Thus the QBO-AB is averaged over 18 and 14 events for the model and MOD, respectively, when the QBO-AB signal reaches maximum at 17.5°N.
Similar approach is applied to isolate the QBO-AB 0 from the model and MOD. Mean QBO-AB and QBO-AB 0 of 2-D CTM and MOD are shown in Figure 2 . The magnitude of the QBO-AB in the 2-D CTM (solid line) is a little smaller than that in the MOD (dashed line). The magnitude of the QBO-AB 0 in the model is similar to that in the MOD. The amplitude of the QBO-AB is about 2 -3 times larger than that of the QBO-AB 0 from the 2-D CTM and MOD. The reason will be given in section 3.1.
PCA of Ozone Column Abundance
[9] PCA is applied to the detrended, deseasonalized and filtered total column ozone anomaly from the 2-D CTM. Low-pass filter A is chosen to obtain a full signal from periods above 15 months and no signal from periods below 12.5 months. The first two EOFs capture 98.5% of the total variance of the filtered data, as shown in Figure 3 . The fractions of variance for the leading EOFs are listed in Table 4 . The first EOF captures 70.3% of the variance, and displays a structure similar to the QBO. It is approximately symmetric about the equator and oscillates about nodes at 10°N and 11°S. The values range from a high of 3 DU to a low of À2 DU. The magnitude of this mode is smaller than that of the first EOF pattern of the zonal mean MOD [Jiang et al., 2004] . The associated principal component time series, PC1, is plotted in Figure 3b . The power spectral estimate of PC1, Figure 3c , shows a strong peak at 28 months. The phase of PC1 does not match the PC1 from the zonal mean MOD, because the observed QBO has a much broader spectral band around 28 months than that in the model. Ozone is transported to the polar region by the BDC. During the QBO westerly (easterly) phase, the BDC is weak (strong). Therefore the tropical total column ozone will increase (decrease), while the opposite will occur at higher latitudes.
[10] The second EOF, capturing 28.2% of the variance, oscillates about a node at the equator. Values range from 1.4 DU in the north to À1.6 DU in the south. It is similar to the third EOF pattern of the zonal mean MOD [Jiang et al., 2004] ; however, the magnitude is smaller than that in the zonal mean MOD. The power spectral estimate of the associated PC2 has a dominant peak around 20 months, suggesting that this EOF reflects the interaction of the annual cycle with the QBO signal.
Extended EOF Analysis of Ozone Mixing Ratio
[11] To study the interannual variability in the vertical distribution of ozone, particularly its spatial-temporal structure, we apply extended EOF (EEOF) [Weare and Nasstrom, 1982] to the deseasonalized ozone volumemixing ratio (VMR) from the 2-D CTM. For this analysis, time is lagged À15 months to +14 months. The main advantage of EEOF analysis over PCA analysis in this case is that we can extract modes that exhibit systematic covariability in space and time, such as propagating ''waves'' [e.g., Waliser et al., 2003] . Note that since EEOF modes are constrained in both space and time, the dominant modes typically do not capture as much overall variance as for a regular PCA. In this case, the first four EEOFs, shown in Figure 4 , capture 79.6% of the total variance.
[12] The first two EEOFs capture 24.3% and 23.6% of the variance, respectively, and represent the QBO. Their spatial patterns and PCs are in quadrature. PC1 and PC2, plotted in Figures 4b and 4e , respectively, have maximum crosscorrelation (= 0.98) at À7 months, which represents a complete period of about 28 months and is consistent with the power spectral estimate shown in Figures 4c and 4f . The third and fourth EEOF modes account for 16.1% and 15.6% of the variance, respectively, and correspond to the QBO-AB. Their spatial patterns and PCs are also in quadrature. PC3 and PC4, plotted in Figures 4h and 4k , have a maximum cross correlation (= 0.97) at 5 months. It is consistent with the power spectral estimates in Figures 4i  and 4l , displaying a dominant period of about 20 months.
[13] To illustrate the propagation of the QBO and QBO-AB, respectively, we reconstruct the data using only the first two EEOF modes (i.e., PC 1 Â EEOF 1 + PC 2 Â EEOF 2 ), and then separately using only third and fourth EEOF modes (i.e., PC 3 Â EEOF 3 + PC 4 Â EEOF 4 ). Figure 5 shows these constructed data along the equator for the QBO mode, and at 12.5°N and 12.5°S for the QBO-AB mode. There is downward propagation of the ozone QBO as a result of the downward propagation of the dynamical QBO. In contrast, the ozone QBO-AB propagates upward. The ozone QBO-AB in 12.5°N has opposite sign to that in 12.5°S. The reason for the upward propagation of the QBO-AB will be given in section 3.1. The downward propagation speed of the QBO is about 0.6 km/month in the region of 20-36 km. The upward propagation speed of the QBO-AB is about 1.2 km/month in the region of 28-36 km. The downward propagation of the QBO in the ozone VMR is similar to that given by Politowicz and Hitchman [1997] . Using the diabatic-forcing method in their 2-D model, they also found that QBO in the deseasonalized and filtered ozone VMR propagates downward with a speed of 1 km/month in the region of 20 -39 km. However, Politowicz and Hitchman did not find the QBO-AB.
Comparison With Observations
[14] To investigate the propagation characteristics of QBO and QBO-AB in the observed ozone data, we apply EEOF analysis to the deseasonalized, detrended, and filtered ozone VMR from version 8 MOD [Wellemeyer et al., 2004] . Band-pass filter C is used to retain the QBO and QBO-AB signals. The first four EEOFs capture 63.1% of the total variance. The first EEOF, shown in Figure 6a , represents the QBO, accounting for 23.4% of the variance. The power spectral estimate of the PC1 shows a broad peak around 28 months. The spatial pattern of the first EEOF demonstrates that less (more) ozone is transported to the high latitudes in the westerly (easterly) phase of QBO. The second EEOF accounts for 21.8% of the variance and represents the QBO too. PC1 and PC2 have a maximum cross correlation (= 0.93) at 7 months. The third and fourth EEOFs, shown in Figures 6g and 6j , represent the asymmetric QBO-AB, accounting for 9.5% and 8.4% of the variance, respectively. PC1 and PC2 have a maximum cross correlation (= 0.92) at 5 months. The power spectra of PC3 and PC4 display dominant peak around 20 months. There is also small peak around QBO in the power spectra of PC3 and PC4.
[15] The propagations of the QBO and QBO-AB are shown in Figure 7 . The downward propagation of the ozone QBO is similar to that in the model, although the propagation is weak in the lower stratosphere. This is because the QBO signal in the MOD has a broader spectral peak than that in the model, thus the signal is more complex. Unlike the idealized model, the length of the QBO phases in the MOD changes from year to year. We also find the upward propagation of the ozone QBO-AB in the MOD as in the model. The sign of the ozone QBO-AB is opposite in the different hemispheres. Because there is also QBO signal existed in the third and fourth modes, so the amplitude of the constructed signal from the third and fourth modes does not represent the real amplitude of the QBO-AB, which can explain why the amplitude is larger in the south than that in the north. The downward propagation speed of the QBO is about 1 km/month in the region of 32-43 km. The upward propagation speed of the QBO-AB is about 1.3 km/month in the same region.
[16] The spatial patterns of the first and second EEOFs in the model ozone VMR are similar to the first two modes from singular-value decomposition (SVD) between the ozone VMR from SAGE II and the QBO zonal winds [Randel and Wu, 1996] . SVD for the two fields involves the covariance of two fields. As a result, the analysis of two fields by SVD will exhibit the highest temporal covariance between the two fields. Since the QBO is the dominant signal in the QBO zonal winds, they only find the QBO signal in ozone VMR. The QBO-AB was not found in their two-field SVD results.
Mechanisms for Generating QBO-AB
Theory of Harmonics
[17] We follow Gray and Dunkerton [1990] in the treatment of the interaction between the QBO and the annual cycle in column ozone. The continuity equation for the tracers in the model can be written as
where c is the mixing ratio, v and w are the mean meridional and vertical velocities, P and L represent photochemical production and loss rates, respectively, and K is the ''eddy diffusion'' coefficient, representing smallscale irreversible dispersions.
[18] Multiplying equation (1) by the density r and taking the vertical integral, we can approximately obtain
where C = R 1 0 rcdz is the column ozone. The nonlinear advection term, v @C @y , implies that the initial harmonics can interact to form new harmonics with frequencies equal to the sum or the difference of any pair of initial frequencies.
[19] We can explore the details of these harmonics by expanding the meridional velocity into its seasonal and QBO-dependent components
where the subscripts A and Q denote annual and quasibiennial harmonics, v A and v Q are the amplitudes associated with the annual and quasi-biennial harmonics, v AQ + and v AQ À are the amplitudes associated with the sum and difference between the annual and quasi-biennial harmonics. Similarly, we can express the ozone column, C, as
where C A and C Q are the amplitudes associated with the annual and quasi-biennial oscillations for the column ozone, C AQ + and C AQ À are the amplitudes associated with the two beat frequencies. The photochemical production and loss rates can also be written as
where S A is the amplitude associated with the annual cycle of the photochemical production and loss rates.
[20] In the previous section, we found that the QBO-AB propagates upward and the amplitude of the QBO-AB is larger than that of QBO-AB 0 . Assuming the annual cycle signal does not propagate, the interaction between the annual cycle and the propagating QBO gives:
where W Q is the phase speed of the QBO, t is time, and z is height. Thus the phase speeds of the QBO-AB and QBO-AB 0 are separately
Since the QBO propagates downward, W Q < 0, the phase speed of the QBO-AB is positive (upward) and the phase speed of the QBO-AB 0 is negative (downward).
[21] To investigate the ozone response to the QBO-AB and QBO-AB 0 signals, we also need to consider the lifetime of O 3 . Consider a heuristic model with pure sinusoidal forcing [Camp et al., 2001] :
where y(t) is O 3 VMR, t is the lifetime of the O 3 , and F(t) is the sinusoidal forcing with period of 20 or 8 months. The loss of O 3 is nonlinear so this is an approximate description. Define tan f = wt, the solution to equation (8) is
where y(0) is the value of y at t = 0. Ignoring the first transient term, the sensitivity of the response of O 3 to the oscillatory forcing is
Because the lifetime of ozone is long in the lower stratosphere where most of the column resides, we have wt ) 1 and a % 1 wt . Therefore the response of ozone to the QBO-AB is about w A þ w Q w A À w Q % 2.5 times larger than that of QBO-AB 0 .
Sensitivity Experiments A, B, and C
[22] To understand how the QBO-AB signal in column ozone,
, is generated, we consider three possible mechanisms. First, the QBO-AB in the transport fields, v AQ À exp [i(w A À w Q )t], will produce a signal with a 20-month period in ozone. Second, the QBO and the annual cycle from the transport fields will interact to produce a QBO-AB in the 2-D CTM. Finally, the interaction between the QBO in the transport and the annual cycle in the ozone chemistry will generate a QBO-AB. To determine the contributions of the three mechanisms in producing the QBO-AB signal in column ozone we have performed a series of sensitivity experiments.
[23] In experiment A, band-pass filter A is applied to the transport fields for extracting the QBO-AB signal, v AQ À exp [i(w A À w Q )t]. In this experiment we turn off the annual cycle in the photochemical production and loss rates (see equation (5)). As a result, shown in Figure 8a , there is no annual cycle in the total column ozone climatology from this 30-year model run. The ozone anomaly, shown in Figure 8b , displays a 20-month period characteristic of the QBO-AB. PCA is applied to the detrended and low-passfiltered total column ozone anomaly. The first leading mode, shown in Figure 9 , captures 97.4% of the total variance, representing the QBO-AB signal. This EOF is a tilted plane; values range from 1 DU in the north to À0.8 DU in the south. The magnitude is smaller than that of the second EOF in Figure 3d . The power spectral estimate of the associated PC has a dominant peak around 20 months, indicating that the ozone QBO-AB in this experiment is a direct result of the original QBO-AB signal in the transport fields. EEOF analysis is applied to the deseasonalized ozone VMR from experiment A. The first two modes, together accounting for 98% of the variance, correspond to the QBO-AB. We reconstruct the data using the first two EEOF modes. The 12.5°N PC 1 Â EEOF 1 + PC 2 Â EEOF 2 displays the upward propagation of the QBO-AB.
[24] In experiment B we retain the annual and QBO cycles in the transport fields by applying band-pass filters D and E. There is no annual cycle in the chemical terms. The climatology of the 30-year total column ozone and the ozone anomaly are shown in Figure 10 . There is an annual cycle in the ozone, which is due to the annual cycle in the transport fields, v A exp (iw A t). PCA is applied to the detrended, deseasonalized and filtered total column ozone anomaly. The first EOF represents the QBO. The second EOF, shown in Figure 11 , captures 26.4% of the total variance and represents the QBO-AB signal. The values of this EOF range from 1 DU in the north to À1 DU in the south. The magnitude of this EOF is comparable to the first EOF from experiment A. The ozone QBO-AB in this experiment is the result of the interaction between the QBO and annual signals from the transport fields in the 2-D CTM. EEOF is applied to the deseasonalized ozone VMR from experiment B. The third and fourth modes correspond to the QBO-AB, accounting for 14.2% and 13.3% of the variance, respectively. The PC 3 Â EEOF 3 + PC 4 Â EEOF 4 at 12.5°N also displays the upward propagation of the QBO-AB.
[25] Finally, we examine the interaction between the QBO and the annual cycle in the chemistry in experiment C by applying band-pass filter E to the transport fields to retain only the QBO signal, v Q exp (iw Q t). The annual cycle is retained in the photochemical production and loss rates, S A exp (iw A t). As shown in Figure 12a , there is an annual cycle in the ozone climatology, which represents the change of photochemical production and loss rates by the annual march of solar heating. The ozone anomaly, shown in Figure 12b , has the QBO and QBO-AB signals. We applied PCA to the detrended, deseasonalized and filtered total column ozone anomaly. The first two EOFs correspond to the QBO. The third mode, shown in Figure 13 , captures 2% of the total variance and represents the QBO-AB. Values of this EOF range from 0.2 DU in the north to À0.19 DU in the south, significantly smaller than that in experiments A and B. This suggests that the interaction between the QBO in the transport fields and the annual cycle in the chemistry model makes the smallest contribution to the ozone QBO-AB signal. The QBO-AB signal is too weak in ozone VMR from the experiment C, and does not appear in the leading EEOFs.
[26] To further investigate the magnitude of the QBO-AB signal in column ozone, we multiply the PC and EOF corresponding to the column ozone QBO-AB in each model experiment. Since the QBO-AB is an asymmetric mode, we average the product of the PC and EOF from 0°to 30°N. The results, shown in Figure 14 , confirm that the magnitude of the ozone QBO-AB in experiments A and B is comparable. The ozone QBO-AB signal in experiment C is the smallest. We then summed the product of the PC and EOF corresponding to the QBO-AB signal at 12.5°N from all three experiments. In Figure 15 , the sum (dotted line) is compared against the QBO-AB signal from the standard model shifted forward by 3 months (solid line). These two curves match well. The 3-month phase shift is mostly due to the Fourier filters applied to the original transport fields [Tung and Yang, 1994a] .
Conclusions
[27] We have used an idealized 2-D CTM ] to study the spatial-temporal pattern of and the mechanisms responsible for producing QBO-AB in the stratospheric ozone. The model produces a QBO in the ozone with a period of 28 months. The amplitude of the modeled QBO anomalies of ozone in the tropics is about 7 DU, in agreement with observations [Hasebe, 1983; Zawodny and McCormick, 1991] . PCA was applied to the detrended, deseasonalized, and filtered total column ozone anomaly from the standard model. The first two EOFs capture over 98.5% of the total variance. The first EOF explains 70.3% of the variance, and is identified with the approximately symmetric QBO with a period of 28 months. The second EOF, capturing 28.2% of the variance, is the asymmetric QBO-AB with a period of 20 months, arising from the interaction between the QBO and the annual cycle. EEOF analysis of the deseasonalized model ozone VMR illustrates that the ozone QBO and QBO-AB are vertical propagating features. The QBO propagates downward, in agreement with previous analysis. However, the QBO-AB propagates upward as a result of the interaction between the BDC and QBO. We also found similar propagations of the ozone QBO and QBO-AB in the MOD.
[28] Sensitivity experiments were performed to isolate the mechanism primarily responsible for the QBO-AB signal in total column ozone. Our analysis indicate that the interaction between the QBO signal in the transport fields and the annual cycle in the chemistry play a minor role in generating the QBO-AB in ozone in the model. We found that the dynamical QBO-AB in the MMC and the interaction between the QBO and the annual cycle in the transport fields provide comparable contributions to the QBO-AB in ozone. The idealized model employed here is not able to match the observed QBO phase. In future work we will investigate the details of the phase relationship between the ozone anomalies and the QBO in zonal wind by relaxing the model zonal winds to match observed tropical winds, to reproduce the interannual variability of the QBO in the model. Extension of the model to higher latitudes is also being planned.
[29] This work constitutes an advance beyond the work of Camp et al. [2003] and Jiang et al. [2004] in elucidating the nonlinear interaction between the QBO and the annual cycle, primarily the BDC. It is a tribute to the high quality of the MOD data that we can now extract a second-order signal that is less than 1% of the bulk signal. This allows us to sensitively probe nonlinear interactions between the different physical processes in the atmosphere. It is desirable to extend our data analysis and modeling to investigate related nonlinear interactions such as that between QBO and the solar cycle [Labitzke and Vanloon, 1988; Hamilton, 2002; Salby and Callaghan, 2000] . Longer records and improvements in measurements will provide the necessary data to test critical components of our model. 
